Purpose: This review evaluates the role of dose rate on cell and molecular responses. It focuses on the influence of dose rate on key events in critical pathways in the development of cancer. This approach is similar to that used by the U.S. EPA and others to evaluate risk from chemicals. It provides a mechanistic method to account for the influence of the dose rate from low-LET radiation, especially in the lowdose region on cancer risk assessment. Molecular, cellular, and tissues changes are observed in many key events and change as a function of dose rate. The magnitude and direction of change can be used to help establish an appropriate dose rate effectiveness factor (DREF). Conclusions: Extensive data on key events suggest that exposure to low dose-rates are less effective in producing changes than high dose rates. Most of these data at the molecular and cellular level support a large (2-30) DREF. In addition, some evidence suggests that doses delivered at a low dose rate decrease damage to levels below that observed in the controls. However, there are some data human and mechanistic data that support a dose-rate effectiveness factor of 1. In summary, a review of the available molecular, cellular and tissue data indicates that not only is dose rate an important variable in understanding radiation risk but it also supports the selection of a DREF greater than one as currently recommended by ICRP (2007) and BEIR VII (NRC/NAS 2006).
Introduction

Regulatory bodies
Consideration of both dose rate (National Council for Radiation Protection and Measurements [NCRP] 1980 [NCRP] , 1993  United Nations Scientific Committee on the Effects of Atomic Radiation [UNSCEAR] 1993) and total dose (National Research Council/National Academy of Sciences [NRC/NAS] 2006 , UNSCEAR 2012 ) is important in estimating risk and setting radiation protection standards. One of the primary data sets used by regulatory agencies to estimate radiation risk for low LET-radiation is that developed for survivors of the Japan atomic bombs (Preston et al. 2007; Shimizu et al. 2010; Ozasa et al. 2012; Hsu et al. 2013) . The exposures in this case were delivered over a very short time. Exposure to relatively high doses delivered at high dose rates such as those from the atomic bombs and also for some radiation therapy practices, are known to increase the frequency of cancer (Preston et al. 2007 ) and some non-cancer diseases such as cardiovascular disease (Little et al. 2008b) , cataracts (Blakely 2012) and stroke (UNSCEAR 2008; Shimizu et al. 2010) .
Using human data in the low-dose region (less than 100 mSv), it has been difficult to define the shape of the doseresponse relationship. However, regulatory bodies, following the lead of major scientific organizations, have adopted an approach that assumes that when low LET radiation is delivered at a low total dose (less than 100 mSv) or low dose rate (less than 5 mSv/day) there is a decrease in the effectiveness of radiation for cancer induction. This has resulted in scientific review committees recommending a dose and dose-rate effectiveness factor (DDREF) of, for example, 1.5 (NRC/NAS 2006) or 2.0 (International Commission on Radiological Protection [ICRP] 2007). The French Academy suggested that at low doses and low dose rates the dose-rate effectiveness factor may be very high or even protective (Tubiana et al. 2005) . The controversy continues as illustrated, for example, by the German Commission on Radiological Protection (Strahlenschutzkommission [SSK] 2014) proposal that the DDREF be abolished, i.e. set at 1.0. Other reviews suggest there is still evidence for a higher value (Morgan and Bair 2013) .
Before beginning a review of the data pertinent to dose and dose rate responses, it is necessary to define the relevant terms. The use of the term dose and dose-rate effectiveness factor (DDREF) has been considered necessary, based on a range of biological studies and selected epidemiology studies, for converting cancer risks obtained at relatively high doses and dose rates to predict risks at low doses (<100 mGy) and low dose rates (<5 mGy per hour). The use of DDREF has been restricted to the development of low-dose/low dose-rate cancer risk estimates for calculating detriment values to be used in setting dose limits for radiation protection purposes. It is not a definitive, measured value but rather a derived one based upon a selected data set that varies from organization to organization making recommendations. For example, after considering various human and experimental information, a value of 2 was selected by ICRP in Publication 60 (ICRP 1991) . A considerable amount of discussion has ensued since this time on what are the appropriate data sets upon which to base a selection of DDREF and the methods for calculating a specific value. The general conclusions at this time are that ICRP in its most recent set of Recommendations (ICRP 2007) retained a value of 2, BEIR VII using a Bayesian approach for data analysis selected a value of 1.5 (NRC/NAS 2006) and UNSCEAR most recently elected not to use a DDREF. A number of epidemiological studies for populations exposed at low dose rates have proposed values consistent with 2 and as low as 1 for DDREF conversion [reviewed, for example, in NCRP Report no. 171 (2012) pages 129-140] .
However, it has been proposed by a number of sources that it is more appropriate and more correct based on the available literature to separately consider a low dose effectiveness factor (LDEF) and a dose-rate effectiveness factor (DREF) for risk estimate calculations (reviewed in Ruhm et al. 2015) . There are international (e.g. ICRP, Multidisciplinary European Low Dose Initiative [MELODI] , and UNSCEAR) and national organizations (e.g. Public Health England [PHE] , NCRP, and Electric Power Research Institute [EPRI] ) that are currently addressing this issue and the associated necessary data sets.
A LDEF is necessary when extrapolating from high to low dose effects for an adverse effect dose-response curve that is essentially linear-quadratic (LQ), The LDEF is calculated as the ratio of the slope of the linear extrapolation from a point on the LQ curve and the slope of the linear component of this LQ curve. Thus, for acceptance of this approach, the need is to establish if, for example, the dose-response for radiationinduced cancer (particularly that for the atomic bomb survivors) is described by an LQ curve. There has been an active discussion on this topic with opinions for and against an LQ for the all solid cancer for the cohort that survived the atomic bomb. While it is difficult to reach a definitive conclusion because of the uncertainties associated with effects at low doses, the recent report by Ozasa et al. (2012) provides a convincing argument for their being no threshold for all solid cancer.
The DREF is calculated as the ratio of the slope of the dose response at low acute doses to that at low doses and low dose rates. For an LNT application, the slope for acute doses is described by the slope of the curve over the entire dose range of epidemiology assessment. If the dose response curve is best described by an LQ application, then the low dose slope is dominated by the linear component of the LQ curve. The greatest uncertainty in calculating a DREF arises from the relative lack of epidemiology data for low dose/low dose rate exposures. The data for occupational and environmental low dose-rate exposures of human populations together with the associated uncertainties were reviewed in NCRP Report 171 (NCRP 2012). The general conclusion was that a DDREF of 1 is feasible but that higher values cannot be excluded. Thus, to help reduce this uncertainty, additional reliance has to be placed on animal and cellular data. A concern is that there is a lack of direct association between the non-epidemiology data and human cancer induction. It might well be possible to strengthen this relationship through the design of research to develop data bases that more directly address this relationship (NCRP 2015) . Given these uncertainties, the selection of a DREF for radiation protection purposes is somewhat subjective and values of 1, 1.5, 2 or greater can be defended. This topic will be discussed in great detail in the body of this review.
Manuscript goals
The authors of this manuscript are well aware of the controversy associated with the response in the low dose region, the large number of epidemiological studies conducted to help define the risk in the low dose region and the data bases that have been developed using animal studies to help address these issues. It is well established that the human data are the primary source for risk estimates from radiation exposure with animal studies providing additional supporting evidence. However, for many environmental stressors there are only limited human data. In these cases it has been necessary to use molecular, cellular and animal data as the primary source of information in setting regulatory standards (EPA 2005) . To do this studies have focused on the key events in the critical pathways to the development of cancer (Adeleye et al. 2015; Preston 2015; Edwards et al. 2016 ). This particular approach, which is described in more detail below, has not been used until now for evaluation of the role of dose rate on risk from exposure to ionizing radiation. However, we have conducted an analysis using the human epidemiology data (Hoel 2015) and animal data (Brooks et al. 2009 ) to evaluate the role of dose and dose rate on risk. Additional research is currently underway to integrate the information at all levels of biological organization with a focus on the animal and epidemiological data. To accomplish the larger task, in this manuscript we provide a comprehensive review of the molecular and cellular studies that have been conducted in the low dose and dose-rate region.
We discuss the influence of dose rate on key events and critical pathways at the cell and molecular levels as additional information on the mechanisms of action for low dose rate radiation. High doses of low LET radiation delivered at low dose rates markedly reduce the effectiveness of low LET radiation and thus, as noted above, it may be appropriate to separate the DREF from the DDREF (and LDEF) (Brooks et al. 2009 ). The current manuscript will thus, focus only on the molecular and cellular events and their influence on the dose rate effectiveness factor.
Dose rate and dose fractionation in medicine
It has long been accepted in the field of radiation biology that delivering high total radiation doses (greater than 1 Gy), at a low dose rate has a marked sparing effect on tissue reactions (formerly, deterministic effects. Without exception, when a high dose of radiation is delivered at a low dose rate (mGy/ week or mGy/year) it has much less biological impact than when it is given at a high dose rate (Gy/min or Gy/sec). It has also been observed that giving a radiation dose as a series of fractions, with a time for 'tissue recovery' between exposures, decreases the impact on normal tissue in areas surrounding the tumor. These observations have been taken into the clinic. Radiation treatment for cancer is often delivered as dose fractions. With proper focusing of the radiation beam and fractionated treatment schedules, doses as high as 2.0 Gy per fraction can be delivered to tumor tissue (30-70 Gy total dose) maximizing the cancer cure rate and limiting normal tissue damage. The specific cancer risks from medical exposure, both diagnostic and therapeutic, have been estimated (NRC/NAS 2006; Brenner and Hall 2007; NCRP 2009 ). When these risks are weighed with an estimate of the measured benefits from these radiation procedures, the benefits have been shown to be much greater than the calculated risks (Zanzonico and Stabin 2014) . Such information is critical when considering nuclear medicine procedures (Brooks and Dauer 2014) .
Research on basic mechanisms of radiation responses to low dose and dose-rate exposures Does low dose radiation exposure (less than 100 mGy) delivered at a low dose rate, result in a lower biological stochastic response (e.g. cancer induction) and consequently, a reduced risk than the same dose delivered at a high dose rate? This question has been the focus of much research over the past 20 plus years. This research includes, but is not limited to U.S. Department of Energy, Low Dose Radiation Research Program (http://lowdose.energy.gov), the extensive research programs in the European Union (MELODI, Epirad bio, Store and DoReMi) integrating low dose research (http://www.doremi-noe.net), the Japanese research IES (Institute for Environmental Sciences (http://www.ies.or.jp/index_e.html), and research conducted in Korea by the Korean Society for Radiation Bioscience (http:// www.ksrb.kr/english/intro/intro_01.asp). All these organizations have invested and continue to invest considerable time and money to address this critical question.
The present manuscript applies the concepts of key events and Adverse Outcome Pathways (AOP), (or critical pathways) to help understand the effect of dose rate on biological responses. This approach makes it possible to evaluate the potential role of dose rate on molecular, cellular and tissue responses and provides a mechanistic and scientific basis for radiation protection standards. Using modern cell and molecular biological techniques recent research on the influence of dose rate is reviewed. In the same way the U.S. EPA has evaluated the effect of environmental chemicals on key events in critical pathways that result in cancer (EPA 2005; Simon et al. 2014; Preston 2015; Edwards et al. 2016 ). This approach is organized in a way that allows for an evaluation of the key events in critical pathways that result in cancer and their use in estimating risk at low exposure levels. For example, this concept has been refined and used to evaluate four categories of bioactive agents to define safe levels of intake for: food allergens, nutrients, pathogenic microorganisms and environmental chemicals (Julien et al. 2009 ). It has also been used in a number of additional adverse outcome/risk assessment situations (see for example, Organization for Economic Co-operation and Development [OECD] 2015) . For the present review, the AOP/key event approach has been adapted for radiation exposure to investigate the influence of dose rate in the low dose range on adverse animal, cellular and molecular outcomes. It is important to stress that this same approach has been applied for chemical exposures and provides a framework for data collection and research planning (Edwards et al. 2016 ).
Hallmarks of cancer
In order to be able to develop adverse outcome pathways (initially for cancer) and the associated key events, it is necessary to establish if there is a set of characteristics that can be used to define cancer in general, irrespective of the species, the site or the inducing agent. A set of such phenotypic outcomes (acquired characteristics) has been proposed by Hanahan and Weinberg in their so-called 'Hallmarks of Cancer' (Hanahan and Weinberg 2000) . The original hallmarks were updated to include genomic instability, reprogramming of energy metabolism and evading immune destruction (Hanahan and Weinberg 2011) . These hallmarks are shown in Figure 1 (Hanahan and Weinberg 2011) and serve as the phenotypes that have to be produced by key events that would need to be induced by radiation for cancer to develop. Information is available on the radiation-induced dose and dose-rate response relationships for some of these 'hallmarks' (and underlying key events) but little is known about the radiation response of others (Boss et al, 2014) . For the present review, we will consider the radiation responses of these underlying key events and discuss their dose-rate responsiveness. It is to be noted Hanahan and Wienberg (2011) . These are the changes required for the production of cancer.
that for specific risk assessment considerations, the generic approach described here for cancer in general has to be modified to address specific adverse outcomes (for example, radiation-induced breast cancer or lung cancer) by determining the key events that are a feature of this specific outcome.
Critical pathways and key events for radiation-induced cancer
The key events in the critical pathways to radiation-induced cancer occur at all levels of biological organization. This manuscript will evaluate changes in key events measured at the molecular, cellular and tissue level after radiation exposure to low dose and dose rates. Table 1 summarizes the types of key events that are applicable for cancer outcomes, in general, and not descriptive for any particular cancer. Where dose and dose-rate response data for a particular key event are available, this key event is shown in bold in Table 1 . For the key events shown in red in Table 1 , there is little information available from which direct comparisons can be drawn between the responses following low and high doses or low and high dose-rate radiation exposures. These key events will not be discussed further in this manuscript.
The AOP/key events approach described in Table 1 is a generic one for illustrative purposes. In order to use the approach in a dose-response/risk assessment framework, it is necessary to adapt it for a specific cancer type, for example. Thus, the need will be to develop a detailed AOP for the specific example. The information on the key events identified (e.g. dose response, dose-rate response) can be used as input parameters for a biologically-based dose-response (BBDR) model (NCRP 2015) . In fact, this approach has been applied in initial attempts to define low dose cancer outcomes in a qualitative manner. Moolgavkar and colleagues modified their two-stage clonal growth model for radiation exposures (Moolgavkar and Knudson 1981; Krewski et al. 2003) . This approach has been further developed by a number of investigators to reduce uncertainty in the original approach 2008a; Little and Li 2007) . Other approaches have been used that, in general, use a type of key event of approach with the aim of providing quantitative cancer risk estimates (Shuryak et al. 2010) . In addition to a simplified model approach (such as with the two-stage carcinogenesis model), it is feasible to use more realistic models of carcinogenesis. For example, models that establish whether specific processes such as genomic instability or adaptive responses are predictive of the cancer response in specific studies (e.g. Eidemuller et al. 2011) . Perhaps the most informative type of BBDR models are ones that are developed to examine the role of specific measured biological variables in the genesis of radiogenic cancer in a particular study. Examples of this informative approach have been reported by Heidenreich and Rosemann (2012) and Heidenreich et al. (2013) . Further development of this latter type of model using key-event bioindicators as input parameters is encouraged. Thus, the AOP/key event approach is grounded in previous research for radiation exposures and a fairly extensive literature on risks from environmental chemicals.
The AOP for a particular radiation-induced cancer, for example, will be characterized by a series of steps (key events). However, it is not necessary to be able to quantify all these steps to provide an estimate of risk at low doses. Of course, uncertainty will be reduced when more key events can be used as parameters in a BBDR model. Key events that are closest to the adverse outcome itself are likely to be more predictive of the adverse outcome and a suite of key events is likely to be more informative as regards risk than individual key events. Thus, the approach is a viable one based on current and predicted research capabilities and computational advances.
Influence of dose rate on dose to individual cells
Total radiation dose or 'hits' to an individual cell when exposed to low dose rates is limited by the time between cell divisions. This is a critical consideration when evaluating dose-rate effects on biological responses. Following acute radiation exposure the total energy is distributed over each and every cell present at the time of the exposure. Assuming a cell mass of 1 ng, it is possible to calculate that exposure to 0.1 Gy of 100 kV X-rays results in 100 'hits' per ng or cell (Feinendegen and Graessle 2002) . If the same exposure is protracted over one year, the hits per cell would depend on the cell turnover time of that particular cell. Each cell type has a unique cell cycle and turnover at different rates. For example, there are multiple types of cells in the bone marrow with many of them turning over in a day or two (Brooks and McClellan 1968) , lung epithelial cells have an average cell turnover time of months (ICRP 2007; Brooks et al. 2009 ) and liver hepatocytes have a cell turnover time of years (NCRP 2001) . The number of 'hits' per cell division in a rapidly dividing cell type at this dose is compared for a single acute exposure and one protracted over one year (Figure 2 ). This shows individual cells receive different numbers of hits per Table 1 . Key events are listed at the molecular, cellular and tissue levels. The events in bold have data on the influence of dose rate and are discussed while those not in bold have little information and are not further discussed in the manuscript.
cell cycle as a function of dose rate. For bone marrow exposed to 0.1 Gy/year and with an assumed cell turnover time of 3.6 days, the cells would over the year receive about 1.0 hit/cell cycle. For cell types with longer turnover times, like the liver, each cell could receive 100 hits/cell cycle when exposed to 0.1 Gy protracted over a year.
In addition to the role of cell turnover on cellular dose, cells have multiple other mechanisms for repairing damage. At high dose rate some of these mechanisms may not be as effective as they are at low dose rates. Thus, at low dose rates the same total dose results in very different cellular doses and risks depending on the protective mechanisms and cell cycle of each individual cell type (Feinendegen et al. 2007 ).
Methods
Estimating dose rate effectiveness factor (DREF)
This section provides a description of the methods used to estimate a DREF from data available for the key events in the critical pathways to cancer. There is wide range of different types of data for these key events and so it is necessary to establish a set of methods to maximally use these data for estimating values for DREF. The research evaluated in this manuscript is represented by four major types of data.
In many of these research studies, either a single high or low dose exposure was used. These studies are not very useful for estimating the role of dose rate on key events. Other research used a single high dose or a single low dose exposure both delivered at the same dose rate or at a single dose rate with a variable dose. Again these types of studies are not informative for calculating a DREF. However, such research demonstrated that the cell and molecular responses were different for high dose vs. low dose as well as for high dose rate vs. low dose rate. Such information provided mechanistic insight to the responses and suggests that the mechanisms of action differ as a function of both dose and dose rate. These studies also demonstrate that cell and molecular changes can be developed as biomarkers of exposure when physical dosimetry is not available.
Further studies used a single dose but with a variable dose rate. In these studies it was possible to use the ratio of the response to the high dose rate to that of the low dose rate to provide a single point estimate of the DREF. However, for many of these studies the endpoint responded to the high dose rate but not the low dose rate for which the response was not different from the controls. Thus, if the background response is subtracted from the radiation induced response from both high and low dose rate and if the net response for the low dose rate is undetectable (zero), then the ratio comparing high to low dose rate response approaches infinity. Such research, where there was no net response following low dose rate exposure, demonstrated that the relative responses were dependent on dose rate but could not be used to determine a numerical value but suggests a high value for DREF. The most informative data sets are those that have complete dose response information obtained for different dose rates. If the dose responses were linear following both the high and low dose-rate exposure, a direct comparison of the slopes as a function of dose rate can be used to estimate DREF. For some endpoints, such as chromosome aberrations, the dose-response relationships for the low dose-rate exposure were linear and for the acute response were non-linear. There are different ways to estimate a DREF from such data. The method used in the present manuscript was to compare the response at a single dose (such as 1.0 Gy) delivered at different dose rates. This provides a single point estimate but one that changes depending on the specific dose selected. An alternative approach is to conduct curve fitting and compare the linear portion of the curves for the acute exposure with that for the chronic exposure. This method uses only the linear term so it often produces a DREF value of 1.
Results
Key events: molecular level
At the molecular level our review focuses on radiationinduced DNA damage and changes in gene expression in the low dose and dose-rate range. Information on changes in protein expression and post translational protein modifications are not currently well documented as a function of radiation dose or dose rate.
DNA damage, repair and signaling
High dose rate
The first key event and an important hallmark of cancer following exposure to ionizing radiation is the induction of changes in the DNA due to the deposition of energy in cells. This damage represents the primary cellular and molecular data that support the Linear-No-Threshold (LNT) hypothesis. The linear dose-response relationship for high dose-rate, acute radiation-induced DNA damage is well defined and covers a wide range of doses (Erixon and Cedervall 1995;  The number of "hits/cell/cycle" 
Asaithamby and Chen 2009
). This damage is indicated by double-strand breaks, evidenced by the presence of cH2AX. The use of cH2AX as a marker of DNA damage makes it possible to not only determine DNA damage from acute high doses, but extend the DNA damage dose-response relationship to very low doses and dose rates. This technique has become a useful tool (Rothkamm et al. 2007) . At high dose rate there is a linear dose response for the induction of DNA alterations.
Research has also suggested that repair of DNA damage in the low dose region is limited (Rothkamm and L€ obrich 2003; L€ obrich et al. 2005) . This was postulated to be related to the inability of low doses to induce a sufficient amount of DNA damage to stimulate the induction of DNA repair genes (Rothkamm and L€ obrich 2003; Rothkamm et al. 2007; Grudzenski et al. 2010) . These data suggest that the cellular response to double-strand breaks is substantially different for low vs. high doses of low LET radiation. If there is no DNA repair at low doses and if DNA damage is directly predictive of cancer, the cancer risk should increase linearly with dose. It has further been postulated, based on the possible lack of repair at low doses that the cancer risk at these low doses could be higher than that obtained by linear extrapolation from high doses. In addition, if the responses at low doses are independent of dose rate because of a lack of repair, then a DREF of one or less would be obtained.
Recent data, using ATM foci as an endpoint, demonstrated that DNA double-strand breaks induced by single acute low doses of radiation, in cells that do not have energy deposited in them (bystander cells) are persistent and have a longer life time than the DNA damage induced in cells by direct deposition of energy (Ojima et al. 2011 ). Such observations suggest that a greater risk for these cells to progress toward cancer. There are no data on the effect of dose rate in this model but these low dose data would not seem to support a DREF of greater than one.
Low dose rate
A major response to DNA damage is the induction of different signaling pathways (Lavin et al. 2005) . These pathways trigger a range of responses some of which has been linked to genomic instability.
Studies on DNA damage suggest that dose rate has a marked influence on the response. Recent studies demonstrated that, when a total accumulated dose 400 times higher than natural background, was delivered at a low dose rate, it was not possible to detect an increase in DNA damage. DNA damage in these studies included base damage, micronuclei, or p53-inducible gene expression. However, when the same total accumulated dose was delivered at high dose rates, many types of DNA damage were readily measured (Olipitz et al. 2012) .
Changes in mitochondrial DNA were not detected in animals living in the Chernobyl environment following the low dose-rate exposure. Changes in this biomarker could be readily detected following the same dose delivered as a single acute exposure (Wickliffe et al. 2002) . The data from these studies indicate that repair does occur for both nuclear and mitochondrial DNA damage following low dose-rate exposure. A dose-rate effectiveness factor of infinity would be calculated for all these endpoints since at low dose rate the responses were not measurable.
The influence of dose rate on DNA damage and repair was assessed using changes in the level of cH2AX foci/cell, thought to be a measure of DNA damage and repair. Additional data were included that measured changes in phosphorylation as a function of dose rate. The phosphorylation data were expressed as a ratio of the radiation response to that of the control so it is not possible to estimate a DREF. However, the frequency of cH2AX foci/cell provides a direct measure of the interaction between damage and repair. For this endpoint a complete dose response was generated for both high and low dose rate exposure, comparing the slopes of the lines provides a direct estimate of DREF. Exposure to high dose rates resulted in a linear increase in cH2AX over a wide range of doses. When the same dose was delivered at low dose rates, little increase in the frequency of cH2AX above background levels was observed. This observed difference was consistent up to a very high accumulated dose of 5.0 Gy. These results are shown in Figure 3 where cH2AX foci/ cell is plotted against radiation dose delivered at either a high or low dose rate (Ishizaki et al. 2004) . From such data a dose-rate effectiveness factor of about 30 can be calculated. After high doses delivered at a high dose rate, the interaction between damage and repair results in a linear increase in the frequency of cH2AX. Low dose rate exposures show that over the time required to deliver the dose much of the induced damage is repaired supporting a high dose-rate effectiveness factor, much greater than 1.
Studies have been conducted on the influence of aging on DNA repair since age seems to be an important factor in radiation-induced breast cancer. Human mammary epithelial cells were exposed to fractionated low doses (20 mGy), similar to those experienced in a mammogram and the frequency of cH2AX and micronuclei measured as a function of age in vitro (Hernandez et al. 2013 ). This study suggested that aging of cells in vitro decreased the ability of cells to repair DNA damage. Such studies are important and suggested that aging of cells even without shortening of telomeres can modify DNA repair. The major concerns about such studies are the relationship between aging in cell culture in an artificial environment which takes place in days and comparing it to aging in human populations over years. Since all the exposures in this study were given as single acute exposures it is not possible to relate these results to a dose rate effectiveness factor.
Radiation can cause multiple breaks in a very short region of the DNA. These damaged sites have been called locally multiply damaged sites (Ward 1994 ) and have been postulated to be very difficult to repair.
Recent publications suggest that DNA repair centers, radiation-induced foci (RFI), are formed following exposure to ionizing radiation. Research determined that formation of these centers was not linearly related to radiation dose. Following low doses of ionizing radiation (0.1 Gy) the number of repair centers per unit of dose was about four times higher than observed for high doses (2.0 Gy). From these studies the authors demonstrated a non-linear increase in repair foci at low dose rates and suggested that this would result in nonlinear dose-response relationship with repair being more effective after low dose rates than at high (Neumaier et al. 2012) . These studies are in marked contrast to the studies of (Rothkamm and L€ obrich 2003; Grudzenski et al. 2010 ) who suggested, as noted above, that low doses of radiation do no induce genes needed for DNA repair and that little or no repair of DNA damage was detected following low dose exposures. Since both DNA repair and the production of RIFs decease rapidly as a function of time after induction, they would be expected to be much lower as a function of dose rate and may be of limited value in determining a DREF. Additional studies on the influence of dose rate on the formation of DNA repair centers are needed. For the induction of repair centers the DREF cannot be calculated, but the available data suggest that it would be much greater than 1.
Gene expression
High dose rate
Extensive advances in biological and physical sciences over the past 20 years have made it possible to measure radiationinduced biological changes in gene expression in the low dose and low dose-rate region. These advances have been spurred on by the sequencing of the genome and the development and use of gene expression arrays and other more informative methods such as RNA sequencing. Nevertheless, at the present time there are limited data on the effect of dose rate and total dose on biological responses using these newly developed techniques. This represents an important area for future research.
Using gene expression arrays it is now possible to measure radiation-induced changes in gene expression in thousands of genes at the same time (Yin et al. 2003) . Following high dose-rate exposure, the pattern of gene expression changed markedly as a function of total dose. Research determined that changes in gene expression include, '. . . genes that respond only to low-dose exposures, genes that are unique to high-dose exposures, and genes that are modulated in their expression at both high and low doses' (Coleman and Wyrobek 2006) . The changes have been measured in human and mouse cells. A brief summary of these data are provided in Table 2 .
It is of interest to note from the table that some responses in human cells in vitro differ from those in mouse in vivo. Also of relevance to the present topic are the unique responses in the low dose region for genes responsible for heat shock proteins, immune response and protein synthesis. The data suggest that cell cycle genes and those involved in cell signaling are modified by both low and high doses in each of the systems tested. Such results make it difficult to use these data for human risk assessment. Extensive research on gene expression levels has been conducted and for the most part support the data presented in Table 2 (Fornace et al. 1999; Amundson et al. 2003a Amundson et al. , 2003b Ding et al. 2005) . Gene expression patterns change as a function of dose. Some of the genes involved in these radiation induced changes are very important in the critical pathways to cancer. A review of the changes in gene expression as a function of dose suggests that they reflect a change in the mechanisms of action (Dauer et al. 2010 ). Such studies demonstrate that the responses to this key event (gene expression) in the critical cancer pathways change as a function of radiation dose. High doses trigger pathways that have been postulated to be damaging while the molecular pathways upregulated by low doses have been considered to be protective. Such information provides the basis for postulating that the cellular responses to radiation-induced damage are different following low doses than after high doses. These mechanistic studies have been expanded to evaluate further the high and low dose-rate radiation responses that can be used to predict cancer outcome based on mechanistic understanding. Even though such data cannot be used to calculate a dose or dose-rate effectiveness factor, they do indicate that it is significantly greater than one.
Radiation alters gene expression patterns and induces signaling processes. Such signaling processes initiated by DNA damage are an important factor in determining radiation responses. These responses are involved in activation of many genes associated with stress following radiation exposure (Amundson et al. 2003a ). Many of these stress genes are associated with transcription factor p53, 'one of the key elements in cellular response, which can regulate nearly 100 genes that have already been identified' (Fornace et al. 1999 ).
Low dose rate
Studies on gene expression using low dose-rate exposures have also been conducted and illustrate that different genes are activated as a function of dose rate, time after exposure and tissue type (Amundson et al. 2003b ). All of these variables become important in understanding the risks associated with low dose-rate exposures.
A number of studies have been conducted using gene expression as a biomarker of radiation exposure (Paul and Amundson 2008; Paul et al. 2015) . The data were derived as a function of both dose and dose rate. It was determined that gene expression is a useful biomarker and can be used to estimate radiation dose following exposures at both high and low dose rates.
Human exposures (ex vivo exposures)
Human blood was exposed to either high or low doses of low LET radiation and expression measured in genes transcriptionally regulated through DNA damage by the tumor suppressor p53 (Manning et al. 2013) . Individual variation was noted among samples. It was also determined that the doseresponse relationship following high doses was best fit by a polynomial expression while the dose-response from low doses was found to be linear. It was also determined that some of the p53-regulated genes were responsive following high or low doses delivered at either low or high dose rates (Ghandhi et al. 2015) . Such studies suggest that there are minor differences in the response to these informative genes and seem to support a DREF that is not different from 1. The major impact of these studies is to demonstrate that changes in gene expression may be useful as biomarkers of exposure and can detect differences in gene expression induced as a function of both radiation dose and dose rate. Additional research is needed to determine how and if these biomarkers can be used to estimate DREF.
Human exposures (in vivo exposures)
Following low dose-rate exposure of workers, many of the genes activated are involved in normal physiological processes that have been shown to protect the body from harm, such as ubiquitin cycle, DNA repair, cell cycle and proliferation and stress response genes (Fachin et al. 2009 ). Medical workers exposed to low and fractionated doses also showed changes in gene expression which were related to important biological processes including DNA packaging and mitochondrial electron transport. In the higher exposed group, medical workers showed 'a significant modulation of ion homeostasis and programmed cell death as well.' These changes suggest different mechanisms at low doses from those occurring at high doses (Morandi et al. 2009 ). These unique mechanisms of action at different dose levels for low dose-rate radiation exposure support the non-linear doseresponse data and the increased repair observations in humans and suggest the a dose-rate effectiveness factor could be greater than one. How such responses influence risk for cancer is difficult to determine and requires additional research. An accurate estimate of DREF for these low dose and dose rate exposures cannot be calculated from the data available. Paul et al. (2015) conducted a study to determine if it was possible to develop a molecular biomarker which could help determine the exposure dose rate by comparing the changes in gene expression as a function of dose rate. The high dose rate was 1.03 Gy/min and the low dose rate 3.09 mGy/min (6-h total dose 1.1 Gy, 12-h total dose 2.2 Gy, 24-h 4.4 Gy). These low dose-rate exposures were delivered to the whole animal and changes in gene expression were measured in blood samples. With this protocol and given the slow turnover of blood cells, almost every individual cell would receive the total dose regardless of dose rate. This is valuable information. However, it is difficult to extrapolate effects from these short-time dose protractions to real world long-time exposures to very low dose-rates. For example, for fallout, internally deposited radioactive materials and other protracted exposures, the dose is usually received over weeks, months or years. Additional research on gene expression is needed for these very long exposure times.
All these studies support the observation that there are unique genes up-and down-regulated as a function of dose rate. The mRNA metabolic and processing genes as well as IgA production genes are among those modified only by low dose-rate exposures. Using rather large total doses, both low dose-rate and high dose-rate exposures resulted in an enhanced p53 signaling pathway. Not surprisingly, genes in this pathway were also up-regulated in response to acute exposures (Paul et al. 2015) . This approach and these data are useful in developing a biomarker of dose-rate effects but it is not possible to use this information to estimate a DREF.
Key events: cellular
At the cellular level, induced key events along the critical pathway to cancer following low dose-rate exposure include mutations, chromosome aberrations, cell killing, cell cycle alterations and cell transformation. Dose-response data are available as a function of dose and dose rate for several of these endpoints.
Radiation-induced mutations
High dose rate
Radiation is an effective cell killer which also produces chromosome damage. Because of its ability to kill cells, radiation is widely used in cancer therapy. Since it is such an effective cell killer, radiation is not a strong inducer of recoverable mutations. Studies on the A-bomb survivors did not report an increase in mutations transmitted to offspring (Neel 1998 ). Can we consider mutations as a key event in the production of radiation-induced cancer? For example, if one conducts a radiation-induced mutation study on somatic cells at medium to high doses, it is necessary to seed a large number of cells since the radiation kills most of these cells and produces few mutations in the surviving cells (Hsie et al. 1978) . Thus, radiation-induced mutations are expressed as mutations per surviving cell. Radiation-induced somatic cell mutations have been characterized as mostly being large deletions and rearrangements (Jostes et al. 1994) . DNA strand breaks induced by ionizing radiation in general are not predictive of the production of many of the types of mutations that are important in cancer induction (in particular small base changes and small deletions). Many chemicals produce base changes and rearrangements important in cancer induction at chemical doses where there is relatively little cell killing. Thus, mutated cells induced by some chemicals are available to progress along the cancer pathway. However, the picture is more complex since many agents classified as human carcinogens have been shown to be non-mutagens which questions the role of directly-induced mutations in many types of cancer (International Agency for Research on Cancer [IARC] 2012).
Low dose rates
A number of techniques have been developed to detect mutations induced by radiation in germ cells that can be transmitted to the offspring (Russell and Matter 1980; Brooks 1986 ). Early research on transmitted germ cell mutations suggested that large radiation doses were necessary to produce a detectable number of mutagenic changes in offspring (Russell et al. 1958; Russell 1968) . When the radiation was delivered at a low dose rate, the frequency of transmitted germ cell mutations decreased markedly, especially for female mice (Russell et al. 1959 ). This research suggested a dose-rate effectiveness factor of about three. The frequency of mutations induced by internally deposited radioactive materials in mice was similar to that produced by low dose-rate whole body exposures (NCRP 1987) , and so a similar DREF would be predicted. Further evaluation of these data determined that the major influence of dose rate was a reduction in the frequency of large lesions such as deletions and rearrangements (the major types of genetic damage produced by ionizing radiation) (Russell and Hunsicker 2012) , again resulting in a dose-rate effectiveness factor of about 3.
An informative method for measuring mutations in mice following low doses and dose rates was recently developed based on the frequency of recombinational events with the pKZi recombinational mutation ). This assay measured the impact of priming low doses of ionizing radiation followed by a high challenge dose as was used in previous adaptive response studies (Wolff 1995) . These studies used a priming dose of either 0.01 or 10 mGy and a challenge dose of 1000 mGy (1.0 Gy). The mutation frequency induced by the large challenge dose was depressed by a low priming dose to levels at or below the spontaneous mutation frequency (Hooker et al. 2004; Day et al. 2007 ).
Concerns about this particular assay have been expressed since it was postulated to be unique to blood lymphocytes . These cells are part of the immune system and it is feasible that the observed adaptive response may simply have been a reflection of the spontaneous rearrangements that occur and may not play a role in cancer induction. To address these concerns, additional research was conducted which measured mutation frequency in prostate (Hooker et al. 2004 ) and spleen (Day et al. 2007 ) using four different strains of mice. These studies indicated that the somatic tissues showed the same radiation-induced decrease in the frequency of mutations as was observed for lymphocytes, namely the frequency of mutations following low levels of radiation exposure were not significantly different or below those observed in the tissues of non-exposed animals. These studies resulted in very interesting non-linear, protective dose-response relationships (J-shaped curve). However, the phenomenon does require additional study. If radiationinduced mutations are a key event in the progression to cancer then these particular results could suggest that the LNT model was not valid for this endpoint with the potential need to assign a negative or protective DREF.
Chromosome aberrations
High dose rate
Radiation-induced chromosome aberrations change as a function of dose, dose rate radiation energy and radiation type (Bender et al. 1988; Guerrero-Carbajal et al. 2003) . The role of total dose and dose rate on the induction of chromosome aberrations has been reviewed a number of times (for example, Brooks 1980; Lucas et al. 1999 Lucas et al. , 2004 . Chromosome aberration frequency has long been used as a biomarker of radiation exposure (Bender et al. 1988) . Following acute exposures, non-stable aberrations such as dicentrics provide the best early biomarker of radiation dose. With the development of chromosome painting technology, it became possible to detect both asymmetrical and symmetrical translocations more accurately than by traditional staining methods (Edwards et al. 2005) . Symmetrical translocations survive cell division and thus are more stable than asymmetrical aberrations. This makes them particularly valuable for detecting changes induced by low dose-rate exposures (Hsieh et al. 1999) .
Even though chromosome damage provides a useful measure of radiation dose, does an increase in the frequency of chromosome aberrations always predict an increased risk? Some animal studies suggest that they do not Brooks et al. 2003) . There are disconnects between the frequency of chromosome aberrations and the induction of cancer. For example, following inhalation of radon, rats develop a high frequency of deep lung cancers, yet no cancers of the trachea have been detected in these same animals. The frequency of chromosome aberrations induced by radon exposure, measured as micronuclei, is the same in the trachea and the deep lung epithelial cells and fibroblasts Brooks et al. 1997) . Aberration frequency per se in these tissues does not predict cancer: the same amount of chromosome damage results in a different frequency of cancer. The aberrations predict the dose to the tissues but not the cancer frequency. There are also disconnects between aberration frequency and radon induced lung cancer in different species. Rats have a high frequency of radon-induced lung cancer and Syrian hamsters or Chinese hamsters exposed to similar doses of radon have a very low frequency. All three species have the same frequency of chromosome aberrations induced by radon or gamma rays in the lung cells Bao et al. 1997 ). Thus, aberration frequency was very effective in predicting past exposure and dose, but was not a useful predictor of radiation-induced cancer in different tissues or species.
Reviewing the data on dose-rate effects demonstrated that, if the cell cycle is short relative to the exposure time, the asymmetrical translocations (dicentrics and rings) are lost rapidly from the population. However, there is evidence that a high proportion of symmetrical (reciprocal) translocations is able to survive through cell division and can modify the genotype and phenotype of the cells. Thus, they are considered to be important in cancer development (Lucas et al. 2004 ) and a key event (Preston 2015) . After high dose rates, chromosome aberrations are produced as a non-linear function of radiation dose (Bender et al. 1988 ). This has been postulated to be related to 'hits' and the requirement for multiple hits to produce complex exchange types of chromosome aberrations. This non-linear function makes it impossible to derive a single value for a DREF. To estimate a DREF, the response after a single dose is often used, such as the response following exposure to 1 Gy. Using this method to calculate DREF from chromosome aberrations, dose rate effectiveness factors ranging from 1.0-3.0 have been found.
To illustrate the role of cell turnover time on the frequency of radiation-induced chromosome aberrations induced by low and high dose rates, research was conducted using rapidly dividing bone marrow cells, lung fibroblasts with intermediate cell cycle times and slowly dividing liver epithelial cells.
For rapidly dividing bone marrow cells the rate of formation of chromosome aberrations at low dose rates is in equilibrium with the rate of loss of aberrations through cell division. This is especially true for non-stable aberrations such as chromatid aberrations, deletions, dicentrics and rings. Since 90 Sr delivers the dose to the bone marrow at a low and rather constant dose rate the amount of radiation-induced damage induced by 90 Sr increased as a function of dose rate or dose delivered per cell cycle and reached equilibrium within two days. At this time, the loss through cell division of cells containing chromosome aberrations was equal to the frequency of aberrations produced during each cell cycle. To illustrate this, Figure 4 shows the frequency of aberrations plotted as a function of dose delivered either over the first 2 days, (days 0-2) or over the last two days (days 12-14) prior to aberration scoring McClellan 1968, 1969) . The slope of the dose-response relationships using these metrics of dose are the same. This demonstrates that the rate of formation of aberrations over the early two day time period was the same and the frequency of aberrations induced over the last 2 days. This demonstrates that aberration frequency is dependent on dose-rate or dose per cell cycle and not total dose. If the dose-response for the total dose were used the slope of the dose response relationship over the 14-day time interval would be much lower since the bone marrow tissue had a much higher total dose over 14 days than over 2 days. Dose rate effects were evaluated in lung fibroblasts which represent a cell type that has an intermediate cell turnover time of the order of more than 30 days. As shown in Figure 5 , when the slope of the dose-response for the acute exposure (triangles) was compared to that for the 4-h exposure (circles), the DREF was about 2.5. Comparing the acute exposure (triangles) to the 67-h exposure (squares), the DREF increased to 6.1 . This demonstrates that even when individual cells are exposed to low dose rates and all the energy is deposited in a single cell cycle, the low aberrations frequency is related to either the dose delivered over the first 2 days (0-2 days) or the dose delivered over the last 2 days of the study (12-14 days). The frequency of aberrations increases as the same function of dose over these selected time periods. If the total dose were to be used on the x-axis the slope over the total time would be much less than that observed over the first 2 days of the study. This demonstrates that the frequency of aberrations increased as a function of dose per cell cycle or rate not total dose.
dose-rate exposures are still less effective in producing cellular and molecular damage than exposures to high dose rate. This influence of dose rate would seem to be related to changes in cellular, sub-cellular and molecular repair.
The dose rate for most environmental exposures is very low (Rogers et al. 2001) . To measure the response as a function of dose it is necessary to evaluate cells that have very long cell cycle times like blood lymphocytes (peripheral ones divide infrequently) or liver (where the turnover time is measured in years) (Brooks 1980) . Research demonstrated that the distribution and retained pattern for 144 Ce-144 Pr (Sturbaum et al. 1970) in the livers of Chinese hamsters was similar to that seen in humans (and dogs) making this a useful model for study of chromosome aberration induction in liver. Chinese hamsters were injected with 144 Ce-144 Pr, a beta gamma emitter (Brooks et al. 1972) , and the induced chromosome aberration frequency in the liver was compared with the frequency induced following either acute (Brooks et al. 1971a) or chronic external exposure to gamma rays from 60 Co (Brooks et al. 1971b ). This experimental design made it possible to study the influence of dose and dose rate on the induction of chromosome aberrations. Figure 6 shows that the slope of the dose-response relationship for the induction of aberrations in the liver produced by either internally deposited 144 Ce-144 Pr or external protracted 60 Co exposure are linear and with the same slope. As with studies conducted in vitro, the acute 60 Co exposure resulted in a nonlinear dose response relationship. This makes it impossible to derive a single value for a DREF. High doses of low LET radiation delivered at a high dose rate result in many more chromosome aberrations that the same dose delivered at a low dose rate. Thus, after high doses it is not possible to estimate a DREF since it changes with dose, but the data do demonstrate that it would be higher than one. The non-linear nature of the acute dose-response for chromosome aberrations in the liver makes it impossible to derive a single DREF the factor. A DREF can be estimated at a single dose level. When comparing doses greater than 3 Gy, the DREF is very large. However, for doses less than 3 Gy there where the linear portion of the dose-response is driving the response no significant difference between acute and chronic exposures were detected, suggesting a DREF in the low dose region of one for liver chromosome aberrations.
Dose rate also had a marked effect on the frequency of chromosome aberrations when human lymphocytes were exposed to external gamma ray sources. When the dose was protracted over a period of 20 h, the aberration frequency decreased and suggested a DREF of 2 (Purrott and Reeder 1976) .
Using modern molecular chromosome painting techniques, it is possible to paint each chromosome a unique color. This made it possible to accurately detect symmetrical chromosome exchanges and to evaluate the role of dose rate on these important aberrations (Lucas et al. 2004 ). Since these aberrations have been shown to be important in the production of leukemia (Rowley 1980) and are biomarkers of this disease (Brooks 1999) , they are postulated to be a key event in the critical pathway for the induction of cancer. Fitting the data for acute and chronic radiation exposure for the induction of simple exchanges resulted in a non-linear fit following acute exposure and a linear fit for the low dose-rate exposure. By comparing the ratio of simple exchanges for high and low dose-rate exposure, at a single dose value (1.0 Gy) a DREF of 2.0 was derived. Using exchange breakpoints per cell as the measure of chromosome damage the ratio was estimated to be about 3.0. These are very important data and demonstrate that the DREF for this key event is greater than 1.
The dose-response relationship for the induction of micronuclei in cultured cells following exposure to high dose rates and for a range of different radiation types can be described as linear or linear-quadratic (Heddle et al. 1991; Mill et al. 1996) . However, when the dose rate is low, induced micronuclei do not follow linear kinetics. In fact, studies in vitro using normal human fibroblasts demonstrated that following an acute exposure to a low total dose (10 cGy), the frequency of Co gamma rays delivered acutely or over a protracted period of time. The DREF changes as a function of total dose. The protracted exposure resulted in linear dose response relationship and the acute exposure was linear-quadratic. At high doses, greater than 3 Gy there was a large DREF. The DREF in the low dose region was 1.
micronuclei/cell was higher than the control values. However, when the same dose was protracted over 48 h, the level of micronuclei observed in the irradiated cells was lower than observed in control cells (deToledo et al. 2006) . These data are shown in Figure 7 where frequency of micronuclei per 100 cells induced by a low dose (10 cGy) is related to radiation exposure time and thus, dose rate.
The major point of interest is that when the radiation exposure was protracted over a 48-h time period the frequency of micronuclei was less than observed in the control cells. The role of cell cycle and the elimination of damaged cells could be a competing factor in this study.
Bank voles were measured for the induction of micronuclei in the zones of high radiation following Chernobyl. In spite of having calculated doses that were greater than 1.0 Gy, delivered at a low dose rate, there was no detectable increase in the frequency of micronuclei (Rogers and Baker 2000) .
Data on micronuclei support the concept that radiation adaptive protection for the induction of chromosome aberrations exists in the low dose and low dose-rate region (deToledo et al. 2006; Dauer et al. 2010; Feinendegen et al. 2011) . Adaptive protection results in non-linear dose-response relationships which suggest that risks for cell and molecular damage from low dose-rate exposures are considerably lower than predicted by the LNT models and that there is therefore the need for a dose-rate effectiveness factor greater than 1. If the induction of micronuclei following low dose rate represents a critical event in the pathway to cancer, the observed radiation-induced decrease in micronuclei below the level seen in the control cells may suggest the need for a protective factor. Contrary to common risk assessment practices, it has in fact even been suggested that models include a negative DREF which would suggest protection at low dose rates (Scott 2004 (Scott , 2007 Cell killing
Cell killing has two major impacts on the tissues. First, the loss of damaged cells may decrease the risk for cancer and second, the loss of cells from a tissue can stimulate cell proliferation that has been shown to play an important role in cancer progression. It has been recently postulated that errors occur during normal cell division in stem cells that result in changes in the key events on the critical pathways which produces cancer (Tomasetti and Vogelstein 2015) . This suggests that 'bad luck' may be the major cause of spontaneous cancer and that exposure to environmental stress plays a minor role. The number of cell divisions in each tissue type is highly variable and seems to provide a useful indicator of cancer risk. Since radiation exposure is effective in killing cells and this loss results in an increase in cell turnover in the exposed cells this would result in more cell divisions and may increase the risk for cancer. At low dose rates, the effectiveness for cell killing is decreased. However, exposure to very high total doses delivered at low dose rates results in marked cell killing. This loss of cells can produce an increase cell turnover and may be an important mechanism in radiation-induced cancer.
Low dose rate
Studies conducted some years ago showed that following low doses of low-LET radiation, cell killing plateaued in the low dose region of the dose-response curve and then increased as an exponential function of dose. Decreasing the dose rate also resulted in a marked decrease in cell killing. Using the colony-forming assay, extensive cell killing studies have been conducted in human cells, and in summary demonstrate a dose rate effectiveness factor of between 1.5 and 10. The range of DREF values is dependent on the genetic background of the human cells (Hall 2000) . When the dose rate is protracted over many cell divisions, either in vitro or in vivo, the cell population sets up a new equilibrium and the cells continue to divide. This was demonstrated with Chinese hamster cells grown in culture and exposed in a low dose rate radiation field (Bedford and Mitchell 1973) , and results in a DREF up to 10.
Cell killing and colony formation: radiation hypersensitivity and induced radiation resistance
With the development of techniques that make it possible to measure cell killing in the low dose region, the fine structure of the dose-response curve for cell killing in the low dose region was defined. Following low doses of radiation, it was determined that cell killing increased rapidly as a function of very low dose (radiation hypersensitivity). As the dose increased, the cells became radiation resistant (induced radiation resistance). Thus, there was fine structure in the dose-response relationship for cell killing that had not been appreciated in the past. Cells in the G 2 stage of the cell cycle were most sensitive to low dose hypersensitivity followed by radiation-induced resistance (Marples et al. 2003) . The literature on low dose hypersensitivity and radiation-induced resistance has been comprehensively reviewed (Joiner et al 2001; Marples and Collis 2008) . These observations are very important for describing dose-response relationships in the low dose region. If low doses of radiation disproportionately increase cell killing, this treatment could be eliminating cells from the population that may be at higher risk for the Of special note is that the frequency of micronuclei in these cultured cells was lower in the cells exposed to 10 cGy over 48 h than observed in the controls. Such data suggest induction of a protective response that may require a negative term in modeling risk.
induction of cell transformation and decrease risk. The other side of this coin is that radiation-induced resistance to cell killing may allow transformed cells to survive and increase risk. An important part of cell killing in the process of cancer seems to be the compensatory cell proliferation to replace the cells lost. After exposures to very low doses or dose rates the amount of induced cell proliferation will be limited, bringing into question the role that it plays as a key event in a critical pathway to cancer. From these low dose cell killing data, it is not appropriate to estimate a DREF.
Apoptosis
The process of apoptosis or programmed cell death has long been recognized as playing a critical role during embryonic development. As cells differentiate and form organs, many cells are programmed to die. During the early days of radiation biology, it was not widely recognized that radiationinduced cellular damage could lead to apoptosis. Cells were thought to be killed by radiation through either the process of mitotic death or necrosis. Radiation-induced apoptosis had in the past been called interphase death. Lymphocytes seemed to be one of the major cell types to undergo this type of death. Studies have been conducted to determine the dose-response relationships that exist for the induction of apoptosis. These suggested that for non-genotoxic insults a threshold existed below which apoptosis could not be observed in human lymphocytes. It was suggested that 'Applications of non-genotoxic carcinogens at doses too low to interfere with life-death decisions of cells or for time periods too short to cause irreversible transitions in cell populations may therefore be considered below the biological threshold for a carcinogenic effect' (Schulte-Hermann et al. 2000) . Since radiation is classified as a genotoxic carcinogen, it was suggested that such responses do not apply to ionizing radiation. Studies using radiation demonstrated that many systems are very sensitive to radiation-induced apoptosis, and that no threshold could be detected below which there was no response. It was also determined that, at very low doses, the induction of apoptosis may be protective relative to the induction of cell transformation and other endpoints on the critical pathways to cancer (Mendonca et al. 1999 ).
An important outcome of apoptosis being induced is the possibility that low doses of radiation can trigger biochemical and signaling pathways in bystander cells that result in selective apoptosis and differentially killing of cells that are transformed. There are a large number of transformed cells in the body at all times. If low dose radiation exposure increases the frequency of selective apoptosis of transformed cells, a key event, then low doses of radiation would reduce the number of existing transformed cells at a greater rate than the radiation exposure produces them. This would result in a large DREF. Such a result suggests that total cancer risk would be reduced by low doses of radiation (Bauer 2007; Portess et al. 2007 ). Selective apoptosis would help explain why low doses of radiation have been shown in some studies to reduce both the cell transformation (Redpath 2006 ) and mutation frequency ).
The role of programmed cell death in radiation oncology has been reviewed (Meyn et al. 2009 ). Apoptosis may become a key pathway as the science of low dose radiation biology moves forward and new mechanistic information is used to inform radiation protection and risk assessment. If selective apoptosis is a key event in the pathway to cancer, then this process could be postulated to reduce risk following low doses of ionizing radiation delivered at either a high or low dose rate. Currently there are limited data on the role of dose rate on the induction of selective apoptosis. Such information is needed to calculate a reliable DREF for this key event.
Cell transformation
High dose rate
A number of different systems have been developed for following the progression of cells from the normal state to a 'transformed' state. Cells in culture have already acquired many of the hallmarks of cancer and require only a few additional changes to become 'transformed.' Cell transformation has been suggested to be a critical step as the cells progress from normal to acquiring the characteristics needed to develop cancer. In the field of radiation biology, primary cell transformation systems used to study the final steps in the progression from normal to cancer cells include a human hybrid cell system that has a high spontaneous frequency of cell transformation (Redpath 2007 ) and the mouse embryo C3H 10T1/2 cell system (Azzam et al. 1996) . With these tools, it was possible to expose the cells to graded acute doses of radiation and carefully measure the frequency of cell transformation. Many studies were conducted to measure cell transformation and demonstrated that low doses of ionizing radiation delivered at a high dose rate decreased the spontaneous frequency of cell transformation below that observed in control cells receiving no radiation exposure (Azzam et al. 1996; Redpath et al. 2003; Redpath 2007 ). An example of the cell transformation responses following high dose-rate exposure in the low dose region is illustrated in Figure 8 This decrease in cell transformation frequency following low dose exposures, below the background has been demonstrated in other cell transformation systems (Azzam et al. 2002; Redpath 2007) . Extensive studies have been conducted to determine the role of exposure variables on the induction of cell transformation that decreases the frequency to levels below the spontaneous frequency. It is important to determine if the types of radiation used in diagnostic procedures would induce a decrease in cell transformation, since it has been demonstrated that there is an increase in use and in the associated collective dose from of such diagnostic procedures, this increased medical exposure has almost doubled the 'background' radiation dose (Brenner and Elliston 2004; Mettler et al. 2008) . It has been postulated that this increased exposure will result in an increase in total radiation-induced cancers in the population (Brenner and Hall 2007) . Research on the induction of cell transformation has been conducted with diagnostic energy X-rays, (Redpath et al. 2003) , photons (Redpath 2006 ) and mammographic energy X-rays (Ko et al. 2006 ). All of these radiation types delivered at a low total dose induced a decrease in the frequency of cell transformation below the background level. The results of these types of studies were reviewed and it was concluded that, following low dose exposures, the low photon energies used in medical imaging all produced a reduction in the frequency of cell transformation (Ko et al. 2006; Redpath 2006) . Use of this cell system as an indicator of cancer risk has been reviewed (Redpath 2007) . If cell transformation in vitro represents a key event in the pathway as cells progress toward radiationinduced cancer, then such cellular studies suggest that a negative or protective value may be required in risk models (Scott 2004 (Scott , 2007 . The role of in vitro studies on cell transformation in estimating cancer risk remains an area of controversy and requires additional research (Morgan and Bair 2013) .
Cell transformation
Low dose rate
It is important to determine the role of dose rate on the induction of cell transformation. Dose rate has a marked impact on cell transformation frequency . Research has demonstrated that by changing dose rate, the relationship between the control values and the exposed ones could be varied. It was of interest to note that the levels of transformation in the controls varied across experiments, with a range between 3 and 5. This makes it essential to compare the response following exposure to the background for that specific experiment. It was demonstrated that for the highest two dose rates used in these studies the data fit equally well to a LNT model and a threshold model. At the lowest two dose rates used (0.47 or 0.19 mGy/min), the level of transformation in the exposed cells was lower than observed in the controls over the dose range of the study (up to 1000 mGy or 1 Gy). The most extreme indication of the potential for a protective adaptive response was observed after exposure to 0.47 mGy/min. These data are shown in Figure 9 . Thus, exposure to low dose rate resulted in a decrease in the frequency of cell transformation below the background level over a much wider dose range (up to 1.0 Gy) than was observed for high dose-rate exposures (Redpath 2007) .
When the dose rate was decreased, the response in the exposed cells was dependent on both the total dose and the dose rate. If low dose and dose rate exposures decrease cell transformation, and if these are important key events in the critical pathways to cancer, the possibility of a decrease in cancer risk in the low dose region must be considered and a negative DREF used. However, since both high and low dose rate exposures result in non-linear dose response relationships for cell transformation it is not possible to calculate a single DREF. One approach to estimating a DREF from such data would be to compare the response at 1.0 Gy for the two different dose rates, independent of the fact that for the low dose rate exposure there is a response less than that observed in the control. This approach results in a DREF of about 3.
Key events: tissue level
Genomic instability
Solid cancers contain multiple genetic changes. Such changes reflect the loss of genetic stability of the cells. This loss of genomic stability is one of the hallmarks of the cancer process (Hanahan and Weinberg 2011) and is critical as the cells take on a cancer phenotype. More data are needed to determine if genomic instability is actually induced by an agent (such as radiation) that 'caused' the cancer or is simply a reflection of the cancer process where cells have escaped genetic control present in normal tissues. Radiation exposure of cells in culture to either high or low dose rate can induce a low level of genomic instability (Limoli et al. 1999) . Following acute high dose radiation exposure, cells can make multiple, apparently normal cell divisions, then a fraction of the irradiated cells appear to suffer some loss of control of their genome. The implication of such delayed changes was unappreciated until quite recently. This 'genomic instability', or loss of genetic control, results in multiple genetic changes in the cells. Genomic instability has been defined as the increased rate of acquisition of genetic alterations in the progeny of an irradiated cell (Morgan et al. 1996) . Many of these changes are similar to those observed a short time after exposure. It has been proposed that there is an interaction between a reduction in DNA repair, which could facilitate the initiation steps of carcinogenesis, and the loss of cell cycle checkpoint arrest which allows cells with DNA damage to proliferate and 'fix' the damage in subsequent daughter cells. This interaction has been postulated to impact the induction of genomic instability (L€ obrich and Jeggo 2007) . It was determined from these studies that there is a threshold dose for the blockage of G 2 /M at about 400 mGy. The authors concluded: 'Thus, it seems likely that the G 2 /M checkpoint does not play any significant role after low radiation doses.' Further, it was suggested that perhaps the G 1 / S checkpoint was the master checkpoint regulating genomic stability. Since there was no information on the role of dose rate on these processes in these studies, these results provide little impact on the ability to estimate a DREF for low LET radiation.
Many endpoints have been used as a measure of the induction of genomic instability both in vitro and in vivo. Radiation-induced genomic instability in rodents was dependent on the genetic background of the animals. Two different strains of mice that were either sensitive or resistant to radiation-induced breast cancer were exposed to radiation and both breast cancer frequency and chromosome damage evaluated. Radiation did not induce cancer or genomic instability in the resistant mice, but was demonstrated in the sensitive strain as an increase in late occurring chromosome aberrations and an increase in radiation-induced breast cancer (Ponnaiya et al. 1997) .
In contrast with the multiple studies that demonstrate radiation induced genomic instability, studies have demonstrated that genomic instability was not induced in stable normal human cells (Dugan and Bedford 2003) . This failure to demonstrate genomic instability may suggest that genomic instability may play a more limited role in low dose radiation-induced cancer. This point of view was supported by the observation that genomic instability was not detected in lymphocytes of the A-bomb survivors (Hamasaki et al. 2009 ). Thus, there is a continuing discussion and controversy on the role of low dose radiationinduced genomic instability and radiation-induced cancer (Morgan and Bair 2013) .
A recent review tries to resolve the differences in the induction of genomic instability seen in experimental systems including the failure to demonstrate it in normal human cells and in human populations (Morgan and Sowa 2007) . Because of the lack of low dose and low dose-rate data it is currently not possible to estimate a DREF for the induction of genomic instability as a key event along the critical pathway to human cancer.
Inflammation and Reactive Oxygen Species (ROS)
High dose rate
It is well established chronic inflammatory disease (Werner and Haller 2007) and the level of ROS (Reactive Oxygen Species) in a system can have a marked influence on cancer risk, in this regard, many foods and additives are used to reduce ROS levels. The ROS status of cells and tissues, changes in metabolism and regulation of cytokines represent early changes and are thought to play a role in cancer risk and have been demonstrated to have marked dose and dose-rate dependence. As is the case for many biological endpoints, the ROS status of a cell is a critical variable in the induction and prevention of apoptosis and many other endpoints. It has been demonstrated that very high doses of radiation-induced apoptosis can be modulated by treatment with compounds that inhibit energy metabolism (Hunter et al. 2007 ). This suggests the potential for a link between chronic inflammatory disease (Werner and Haller 2007) , energy metabolism (Lall et al. 2014) , low dose-induced changes in cell signaling and gene expression (Berglund et al. 2008) , the ROS status of cells (Spitz et al. 2004 ) and the induction of apoptosis in the high-dose region, but provides limited information on the responses to low doses. Changing the ROS status of cells can be a protective mechanism. Treatment with vitamin E is thought to inhibit angiogenesis, an essential part of tumor development, by selective induction of apoptosis in proliferating endothelial cells (Dong et al. 2007) . Such studies show the importance of apoptosis during cancer development and the role that ROS status and radiation-induced changes in ROS status may have on cancer risk.
Pro-inflammatory cytokines are activated following large doses of radiation delivered at a high dose rate and are thought to play an important role in the promotion of cancer. At high doses, these relationships have been well-established. Some studies have demonstrated no changes in cytokines after low dose-rate exposures to radiation (Gridley et al. 2001) suggesting that for this endpoint a DREF greater than 1 is indicated but cannot be reliably estimated. Research on the role of low dose and low dose-rate exposures on the immune system need to be expanded (Kaur and Asea 2012) . It is not possible to directly estimate a DREF from studies on ROS or chronic inflammation but the data suggest that low doses and dose rates may not induce chronic inflammatory disease and have the potential to reduce the ROS in normal tissues.
Low dose rate
Chronic inflammation increases cancer risk. Studies on dogs demonstrated that after exposure to high total doses delivered at a low dose rate, the cancer frequency was very high. In these animals one common observation was the induction of a chronic inflammatory disease of the lung. As the total dose and dose rate were decreased to a level that there was no inflammatory disease in the lung, the cancer frequency decreased to a level that it was not significantly different from that observed in the controls. On the other hand, antioxidant, anti-inflammatory cytokines down-regulate these reactive species and restore homeostasis (Schaue et al. 2012 ).
Many anti-inflammatory processes which decrease the ROS have been shown to be activated by low doses and low dose-rate radiation exposures (Amundson et al. 2003b; Fan et al. 2007 ). This decrease has been suggested as a mechanism by which exposures activate protective mechanisms. These protective processes involved changes in the mitochondria (Kim et al. 2006) , the ROS status of the cells (Spitz et al. 2004; Gius and Spitz 2006) , the modification of radioprotective chemicals (Kennedy et al. 2007 ), SH-containing chemicals, MnSOD and SOD 2 (Azzam et al. 2002; Guo et al. 2003; Kim et al. 2006) .
These protective responses are linked to mitochondrial function. The role of the mitochondria in the total radiation response has been found to be very important. It has been demonstrated that ionizing radiation alters cyclin B1, which is involved in control of cell cycle. This alteration seems to be regulated through NF-jB and through the antioxidant enzyme MnSOD which can modify the oxidative status of cells and act as a protective mechanism against radiationinduced damage (Otsuka et al. 2006) . The level of MnSOD is increased by exposure to low doses of radiation (Azzam et al. 2002) . Other research on the relationships that exist between NF-jB and MnSOD, using mouse skin epithelial cells, showed that the interaction between these factors results in a radiation-induced decrease in the ROS status of the cells (Fan et al. 2007) .
Using proteomic and transcriptomic analyses, it has been determined that mitochondrial dysfunction results in the induction of oxidative stress in cells leading to cell killing through programmed cell death (apoptosis) (Ding et al. 2005; Bauer 2007; Portess et al. 2007 ). Oxidative stress can also be altered by treatment of cells with Vitamin E analogs that may induce selective apoptosis in proliferating endothelial cells and stop angiogenesis which is critical in cancer growth and spread (Ding et al. 2005; Kennedy et al. 2007) . Such research highlights the role of normal oxidative metabolism in cellular responses and suggests that alterations of this metabolism by any type of stress can have either a protective or detrimental role in the risk for cancer development depending on the radiation dose.
The observations described above demonstrate that the redox status of the cell plays a critical role in signaling in cancer biology (reviewed by Gius and Spitz 2006) . The role of stress and how it alters gene expression, senescence, redox status of the cells and the risk for cancer has also been reviewed and rather strong links between these factors have been established (Denko and Fornace 2005) . All this research makes it clear that the ROS status of the cells is a key event during the cell transformation process and important in cancer development. The low dose rate-induced protective responses that alter ROS status are very dependent on the radiation dose and dose rate. Although high doses increase stress and reactive oxygen levels in tissues and cells and results in increased cancer risks, low doses and low dose rates seem to increase the level of MnSOD and decrease the ROS levels. These changes provide a potential mechanism for reducing cancer risks. Such a mechanism would support a large DREF following exposure to high doses delivered at a low dose rate, as is the case in Beagle dogs (Brooks et al. 2009 ). These conclusions further support the need to separate DREF from DDREF. It also suggests the potential need to consider a protective term in risk analysis.
Alteration of metabolic pathways
Recent publications have indicated that low doses of radiation can alter metabolic pathways which can be considered as a key event at the tissue level in the pathway to cancer (Lall et al. 2014) . It was established that doses as low as 0.1 Gy could result in a large increase in glucose consumption and ECAR while large doses (4.0 Gy) caused either little change or a decrease in these responses (Figure 10) .
These low-dose-induced changes were related to increased expression of glucose transporters. There is limited evidence that glucose transporters may play an important role in development of cancer (Lall et al. 2014) . The potential importance of these changes in radiation-induced cancer still remains to be determined and is an important area of future research. Since there are no data on the influence of dose rate on these responses it is not possible at this time to calculate a DREF.
Discussion
The aim of this review article is to evaluate the key events/ adverse outcome pathway (AOP) approach for demonstrating how cell and molecular data can potentially enhance the estimation of the DREF and its use in radiation risk assessment. The review does not include information on animal studies and epidemiology studies because these will be addressed in a future review. Data have been published that show the DREF is less than 1, about 1 and greater than 1 (even considerably so). Much of the data that suggest a DREF of 1 or less are derived from DNA damage and repair studies (Rothkamm and L€ obrich 2003; Rothkamm et al. 2007; Grudzenski et al. 2010; Hernandez et al. 2013) . However, other studies using similar DNA endpoints show that at very low doses no DNA damage is detectable following low dose rate exposure but an increased amount of damage is recorded after acute Low-dose irradiaƟon induces glycolysis exposures. These two data sets are reviewed in the current review and are in direct conflict. Additional research is required to resolve this conflict. For cellular endpoints the present review illustrates that lower dose rates result in a decreased response for many key events along the cancer adverse outcome pathway. There are data sets where responses for key events change as a function of dose and dose rate but the changes have only been measured under a single exposure condition so it is not possible to determine a slope for high and low dose rate to estimate a DREF. These single values are reported and most support a DREF greater than 1. In addition an increasing amount of data has been published that demonstrates that following low dose or low dose-rate exposure, the response of many key events is even lower than observed in the controls. Such information makes it essential to consider using a negative or protective factor in estimating the DREF. In this manuscript the most useful data sets are those where the total dose is delivered at either a high or low dose rate over a wide range of total doses. For some endpoints the different exposure situations all result in linear dose response relationships so it is possible to make a direct comparison of the slopes of the dose-response relationships. This provides quantitative information to directly calculate a DREF. Table 3a provides a compilation of data where the key event was measured for single doses for only high or low dose-rate exposure making it impossible to calculate a DREF. We have reviewed these papers and have concluded that the data in the paper can or cannot be used to calculate a DREF or that they support a DREF of either greater or less than 1. Since there is so much information in each manuscript represented in the table it is not possible to summarize in detail the systems used, details of the experimental designs, all the endpoints measured or all the strengths and weaknesses of each paper. Table 3b provides a summary of the research where dose-response relationships were measured following both high and low dose-rate exposures. Such data are the most useful for considering key events in the critical pathways for estimating a DREF. For these studies, this Manning et al. (2013) manuscript directly compared the slopes of dose response relationships following high and low dose-rate exposures and used the ratio to calculate DREF. It is important to stress that key events are empirically observable precursors for an apical endpoint and as such can serve as parameters in some form of a biologically-based dose-response model (Preston 2015) . Such BBDR models can be used to investigate the development of a reliable value for DREF.
Summary
A consideration of the uncertainty associated with radiation cancer risk estimates clearly shows that one of the most significant uncertainties is the selection of a value for DREF. A major reason for this is that, in general, human data are not available for low dose-rate exposures and it is unclear which animal and cellular data sets are the most appropriate for use in the calculation of DREF. To address this issue, it has been proposed that the most informative animal and cellular data are those that are the key events along the adverse outcome pathway (AOP) leading to a cancer or non-cancer outcome. We present such an approach in the present review. Thus, as a key component, we provide a comprehensive discussion of how the level of low dose-rate effects can vary with variations in cell cycle times and how these interactions influence many of the measurements made at low dose rates. A review is also provided of the radiation-induced differences in the molecular, cellular and tissue responses for exposures and comparisons where possible at high or low dose rate. Two Tables (3a and 3b ) were constructed that make it possible to quickly review the data presented in this review for evaluating the responses to key events at molecular and cellular levels of biological organization. This allows the reader to further research and follow-up on any points or estimates that are of particular interest. These tables show that for key events along the pathway to cancer, exposures to ionizing radiation at low dose rates result in a decrease in the biological responses when compared to the responses after exposure to the same dose delivered at a high dose rate. Such data support the need for a dose-rate effectiveness factor that is greater than 1. In addition, these data provide a unique combination of molecular, cellular and tissue Ghandhi et al. (2015) outcomes that have not, in the past, been used for estimating DREF. In future publication it may be possible to combine such biological information with animal and human cancer data to support a mechanism-based dose-rate effectiveness factor to be used in cancer risk estimates. This will in turn, reduce the overall uncertainty in the setting of dose limits based on these risk values. In summary, it seems prudent to conclude that the majority of the data support a DREF greater than 1.
